Abstract-Intracortical microstimulation (ICMS) has promise as a means for delivering somatosensory feedback in neuroprosthetic systems. Various tactile sensations could be encoded by temporal, spatial, or spatiotemporal patterns of ICMS. However, the applicability of temporal patterns of ICMS to artificial tactile sensation during active exploration is unknown, as is the minimum discriminable difference between temporally modulated ICMS patterns. We trained rhesus monkeys in an active exploration task in which they discriminated periodic pulse-trains of ICMS (200 Hz bursts at a 10 Hz secondary frequency) from pulse trains with the same average pulse rate, but distorted periodicity (200 Hz bursts at a variable instantaneous secondary frequency). The statistics of the aperiodic pulse trains were drawn from a gamma distribution with mean inter-burst intervals equal to those of the periodic pulse trains. The monkeys distinguished periodic pulse trains from aperiodic pulse trains with coefficients of variation 0.25 or greater. Reconstruction of movement kinematics, extracted from the activity of neuronal populations recorded in the sensorimotor cortex concurrent with the delivery of ICMS feedback, improved when the recording intervals affected by ICMS artifacts were removed from analysis. These results add to the growing evidence that temporally patterned ICMS can be used to simulate a tactile sense for neuroprosthetic devices.
I. INTRODUCTION

S
ENSORY neuroprostheses and sensory substitution systems for the restoration of hearing [1] , [2] and vision [3] - [8] have been investigated for several decades. Interest in neuroprosthetic devices that combine both motor and sensory components has developed more recently [9] - [14] . One example of a bidirectional neuroprosthesis is a robotic limb controlled by brain activity while sensory information from prosthetic sensors is delivered to somatosensory areas of the brain [15] , [16] . Other possible implementations include sensorized neuroprostheses for the restoration of bipedal walking [17] and putative systems combining both speech production [18] , [19] and hearing [1] , [2] , [20] .
In recent years, we have been studying intracortical microstimulation (ICMS) delivered through microelectrode arrays chronically implanted in the primary somatosensory cortex (S1) as a means of adding a somatosensory feedback loop to a brain-machine interface (BMI) [9] , [10] , [21] . Taken together with previous work showing that primates [22] - [24] and rodents [25] - [28] can discriminate ICMS patterns, there is growing evidence that ICMS of S1 could equip neuroprosthetic limbs with the sense of touch.
One of the neuroprosthetic devices that we envision in the future is a BMI-operated robotic arm that is equipped with touch sensors [9] , [15] , [16] . In such a sensorized neuroprosthesis, the touch sensors would detect instances when the arm interacts with external objects sending signals to the brain in the form of ICMS. We have suggested that long-term operation of such a system, which we call a brain-machine-brain interface (BMBI), could result in the incorporation of the prosthesis into the brain's representation of the body, so that the artificial limb starts to act and feel as belonging to the subject [15] . Notwithstanding initial encouraging results [9] , [10] , it is unclear whether ICMS would be sufficient to reproduce the rich sensory information of the world of touch [29] .
In particular, it is not well understood which kinds of ICMS patterns are most useful for virtual active touch. Previously, we have shown that both New World [21] and Old World monkeys [10] can discriminate temporal ICMS patterns applied to S1 that consist of short (50-300 ms) high-frequency (100-400 Hz) pulse-trains presented at a lower secondary frequency (2) (3) (4) (5) (6) (7) (8) (9) (10) . In these experiments, ICMS served as a cue that instructed the direction of reach. These patterns of ICMS could, in principle, mimic a wide variety of tactile inputs, especially when combined with spatial encoding [21] . Modulations of sensory inputs in this frequency range correspond to the sensation of flutter [30] - [32] . These timescales are also similar to neuronal modulations involved in texture encoding in the somatosensory system [33] - [36] , which makes such ICMS patterns worthy candidates for exploration.
In this study, we examined the ability of rhesus monkeys to discriminate a range of temporal ICMS patterns applied to S1 in the context of an active exploration task in which ICMS mimicked the tactile properties of virtual objects. We manipulated the ICMS patterns in a graded fashion, modulating the degree of periodicity of the pulse-trains while maintaining a constant average pulse rate. We sought to determine the minimal perturbation of the periodic pattern that the monkeys could discriminate. The degree of randomness (as quantified by the coefficient of variation, CV) was varied from trial to trial, which allowed us to quantify the monkeys' sensitivity to ICMS frequency modulations. Concurrently with ICMS delivery, we recorded from large populations of cortical neurons using multielectrode implants. Kinematics of reach movements were extracted from this large-scale activity offline to estimate the accuracy of a BMBI with a somatosensory feedback loop that transmits aperiodic ICMS patterns.
This investigation of sensitivity to ICMS periodicity in S1 was motivated by a possible application in neuroprosthetic limbs. We expect that the patterns of ICMS triggered by the interaction of an upper-limb neuroprosthesis with objects in the environment could be highly irregular. The precise temporal structure of such patterns would depend on the interaction of touch sensors in the robotic prosthesis with the specific surface structure of the manipulated objects and on the specific exploratory movements used by the individual to interact with the objects. Therefore, by knowing the limits of the nervous system in discriminating aperiodic ICMS patterns, we can infer a principled upper bound on the maximum fidelity touch sensor that could be used in a neuroprosthesis, beyond which no additional function would be restored.
This study builds on the results obtained by Romo et al. about ICMS of S1 [22] , [23] , [31] and our own previous work [9] , [21] . One notable difference between the temporal ICMS patterns implemented here and those used by Romo et al. is that the aperiodic patterns of ICMS that we used had the same mean pulse interpulse intervals as the periodic comparison ICMS pulse trains. Thus the average number of pulses in a pulse train was the same for both periodic and aperiodic patterns. This allowed us to probe S1 sensitivity to the temporal structure of ICMS without the confound of average stimulus intensity. Romo et al. used periodic pulse trains with different frequencies [22] , which left open the possibility that some of their results could be explained by differences in average ICMS intensity.
Another major difference between this study and previous studies of ICMS-evoked S1 sensations in primates is that the ICMS patterns employed here were used in an active-exploration paradigm in which ICMS was used to simulate the tactile properties of virtual objects. Our monkeys explored the virtual objects, making self-paced exploratory movements, and decided which objects to explore, in what order, and for how long. This is a more realistic model of a clinical somatosensory neuroprosthesis than previous designs.
II. METHODS
A. Implants
The experiments were conducted in two rhesus monkeys (M and N) chronically implanted with multielectrode arrays in several cortical areas following our implantation methods [37] . We used this same electrode array design for both large-scale neural recordings and ICMS delivery [9] , [10] . Each monkey received four 96-channel microelectrode arrays placed in the arm and leg representation areas in sensorimotor cortex [ Fig. 1(A) ]. Each hemisphere was implanted with two arrays: one in the arm representation and one in the leg representation. Within each array, electrodes were grouped in two 4 4 uniformly spaced grids of electrode triplets. The electrodes within each triplet had different lengths, staggered at 300 m intervals. One grid was aligned over primary motor cortex (M1) and the other over S1. The monkeys were implanted for a series of studies beyond those described here. For the purpose of this study, we recorded neuronal activity from the right hemisphere arm arrays while the monkeys performed a manual task with their left hands. Stimulation was applied to the right hemisphere arm subdivision of S1 in monkey M and the right hemisphere leg subdivision of S1 in monkey N. All animal procedures were performed in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals and were approved by the Duke University Institutional Animal Care and Use Committee.
B. Behavioral Task
The monkeys were trained in a reaching task in which they manipulated a hand-held joystick to move a virtual reality arm (avatar) displayed on a computer screen [ Fig. 1(C) and (D) ]. The monkeys reached with the avatar arm towards screen objects and searched for an object with a particular artificial texture indicated by ICMS of S1. The objects were circular in shape and visually identical. Each monkey was previously trained in other variants of this task. In this study, the monkeys were shown two objects, one of which was associated with a periodic ICMS pattern and the other with an aperiodic pattern [ Fig. 2(A) ]. The monkeys were rewarded for selecting the object paired with periodic ICMS. The objects appeared at different locations on the screen, with the constraint that the distance from the screen center to each object was fixed, and the angle between the objects was 180 (i.e., centrally symmetric). If the correct object was selected, the monkeys were rewarded with a drop of fruit juice.
Each trial commenced when the monkey grasped the joystick with its left hand. At this point, a circular target appeared in the center of the screen. The monkey placed the avatar arm on that center target for 0.5-1.0 s. Then, the central target disappeared and two peripheral objects appeared. Each consisted of a central response zone and a peripheral feedback zone [ Fig. 1(C) ]. When the avatar hand entered the feedback or response zones, ICMS pulse trains were delivered to S1. A trial was concluded with a reward when the monkey placed the avatar hand within the response zone of the correct object for 2 s; no reward was delivered if the incorrect object was selected. The monkeys were permitted to explore the virtual objects in any sequence, but the trial ended when they stayed over an object's response zone longer than the hold period of 2 s. Then a 0.5 s delay was issued before the next trial began.
C. ICMS Patterns
ICMS trains consisted of symmetric [38] , biphasic, chargebalanced pulses of ICMS delivered in a bipolar fashion through adjacent pairs of microwires [9] , [21] . For monkey M, the anodic and cathodic phases of stimulation each had amplitudes of 150 A and pulse widths of 105 s; for monkey N, 150 A and 200 s, respectively. The anodic and cathodic phases were separated by 25 s.
ICMS was delivered to different subdivisions of S1 for each monkey. For monkey M, the hand representation area of S1 was used as the target for ICMS, so that the monkey experienced putative sensations in its hand [ Fig. 1(B) ]. For monkey N, ICMS was applied to the thigh representation area of S1. Two electrode pairs were used for each animal.
The temporal pattern of ICMS consisted of 200 Hz pulse trains delivered for 50 ms and presented at a lower secondary frequency. The secondary frequency for the rewarded artificial texture was a constant 10 Hz. For the unrewarded textures, the timing of the ICMS bursts was aperiodic. The interval between each aperiodic burst was a random variable drawn from a gamma distribution of instantaneous inter-burst intervals [39] ( 1) where is the probability density function, is the inter-burst interval, is the shape parameter, is the scale parameter, and is the Gamma function. We computed the shape and scale parameters as a function of the mean inter-pulse interval, , and the coefficient of variation, CV, the ratio of the standard deviation to the mean (2) This allowed the construction of aperiodic pulse trains with inter-burst intervals equal in expectation to the periodic pulse trains while giving control over the degree of aperiodicity: the higher the CV, the more aperiodic the pulse-train. A pulse train with a CV of zero was equivalent to the periodic, rewarded pattern. The average number of ICMS pulses per unit time was the same for the periodic and aperiodic patterns. Examples of pulse trains with different CVs are shown in Fig. 2 .
D. Artifact Suppression
An important question arising from the use of ICMS for sensory feedback is whether the stimulation causes artifacts in cortical neural ensemble recordings and how these artifacts can be dealt with to minimize their impact on BMI operations. To address this question, we processed the neural recordings by removing (blanking) a window of neural activity immediately subsequent to each pulse of ICMS and then performed decoding with the processed data. By systematically varying the length of the blanking intervals we could determine the amount of artifact removal that produced the most accurate movement reconstructions.
Artifact removal was implemented as follows. The stimulation artifacts had stereotypical shapes when recorded by the spike acquisition system, and we could reliably detect artifacts by using spike-sorting templates that matched the artifact shapes, allowing us to determine the precise time of each stimulation pulse. We then ignored all spiking on every channel for milliseconds after each stimulation pulse, where varied in value from 0 to 10, in integer steps. This was done by first counting spikes in 1 ms nonoverlapping time windows (i.e., binning at 1 ms resolution). We then zeroed the spike counts in bins that were equal to or less than ms after the stimulation pulse. For example, for , we zeroed the bins at , and , where is the 1 ms bin of the stimulation pulse [see Fig. 6(A) ]. For , we zeroed the bin at the stimulation pulse only. Then, we summed adjacent bins to produce spike counts in 100 ms nonoverlapping bins for our decoders. For this last step, we adjusted the spike counts by multiplying by the quantity , where is the number of zeroed 1 ms bins in the 100 ms bin. This operation preserves, in expectation, the number of spikes in each 100 ms bin, by performing extrapolation.
E. Kinematics Extraction
The X and Y position of the avatar was extracted from cortical activity using a fifth-order unscented Kalman filter [40] and Wiener filter [37] . For both algorithms, we evaluated the decoding accuracy after artifact blanking. We performed two-fold cross-validation with each algorithm on 26 sessions, 13 from each monkey. For the unscented Kalman filter, we used a tuning model with linear weights for position, velocity, distance from center of workspace, and magnitude of velocity. The unscented Kalman filter had three future taps, two past taps, and one tap in the movement model (see [40] for details). The tuning model weights were fit with adaptive ridge regression [41] , with the ridge parameter found by cross-validation on the training data. For the Wiener filter, we used 10 taps of spiking history and predicted the position only. The Wiener coefficients were fit using ridge regression with the ridge parameter found by cross-validation on the training data.
III. RESULTS
A. Learning
Initially, both monkeys were required to discriminate between the periodic (rewarded) ICMS pattern and an aperiodic pattern with a CV of 0.8. Each monkey learned this discrimination task in approximately eight daily sessions (Fig. 3) . Monkey N stabilized at a performance level of approximately 90% correctly executed trials, monkey M at an 85% level. These learning curves are consistent with our previous results on rhesus monkey learning with ICMS-instructed tasks [9] . 
B. Psychometrics
After both monkeys learned to discriminate periodic ICMS from aperiodic with a CV of 0.8, we began to vary the CV of the aperiodic ICMS pattern on every trial. In these sessions, the distribution of CVs was picked so that for half of the trials the CV of the unrewarded object was greater or equal to 0.6. These sessions continued for two weeks, yielding a database for psychometric analysis.
Psychometric curves (i.e., graphs showing the proportion of correctly performed trials as the function of CV, Fig. 4 ) indicated a clear dependency of discrimination accuracy on the degree of randomness of the comparison ICMS pattern. Performance stabilized for CVs higher than 0.8 and gradually decreased for CVs lower than that value. The threshold CV for discrimination for both monkeys was 0.25. Below this value, the monkeys performed at chance levels.
C. Active Exploration
Discrimination of ICMS patterns was performed through active exploration: a monkey would probe the feedback zone of an object with the avatar to acquire an ICMS pattern and then either select that object if it perceived the ICMS pattern as periodic or explore the other object if the pattern was judged as different from periodic. This active exploration was evident from an analysis of object exploration intervals [ Fig. 5(A) and (B) ]. We designated intervals during which the avatar hand continuously stayed over a given object as "visits." For very low CVs, the statistics of visit durations were the same for periodic and aperiodic patterns [ Fig. 5(A) ].
The distribution of these intervals indicated short (less than 2 s) exploratory visits and a prominent peak at 2 s that corre- sponded to selecting an object. This is because the monkey was required to hold the avatar hand over the response zone of the object for 2 s to obtain a reward (or to get a trial cancellation if the object was selected incorrectly). Accordingly, the peak at 2 s corresponded to visits for which the monkey selected a given object. Intervals longer than 2s were possible because visits comprised the portion spent over the feedback zone (but outside of the response zone) as well as the time spent over the response zone. We called visits with durations less than 2 s short visits, and those with durations of 2 s or longer long visits. Both the short-visit portion of the distribution and the long-visit part were preserved for periodic ICMS ( , Fig. 5(A) , black line) versus weakly aperiodic ICMS e.g., CV of 0.05 (Fig. 5(A) , red line).
The distributions of visit-durations were markedly different for higher CVs [ Fig. 5(B) ]. The distribution of visit-durations for aperiodic ICMS with a CV of 0.8 (cyan line) revealed a predominance of short visits with an average duration of 0.8 s and a small proportion of long visits. For the periodic pattern (black line), the distribution showed the predominance of long visits. These data indicate that it took the monkey on average 0.8 s to recognize the unrewarded aperiodic ICMS pattern and to switch to the correct object (periodic pattern) when sufficiently aperiodic ICMS patterns were used.
The change in monkey exploratory behavior for different degrees of ICMS-pattern aperiodicity is clear from the statistics of visits, expressed as the proportion of short visits normalized by the total number of visits [ Fig. 5(C) ]. When a monkey touched an object associated with an aperiodic pattern (Fig. 5(C) , triangles), it tended to make more short visits than when the monkey touched an object associated with a periodic pattern (squares). For high CVs (CV greater than 0.7), the proportion of short visits constituted approximately 80% of the total number of visits. For lower CVs, this value decreased, indicating that the monkey made a decision to stay on the unrewarded object more often. Fig. 6 shows the average accuracy for the extraction of avatar position from cortical ensemble activity for different lengths of artifact blanking intervals. Consistent with our previous results [40] , the unscented Kalman filter consistently outperformed the Wiener filter. For monkey M, the peak accuracy was dB (mean standard error) for the unscented Kalman filter and dB for the Wiener filter. For monkey N, these values were dB and dB, respectively. These accuracy values are within the range that we typically observe for BMI predictions [9] , [17] , [41] .
D. Kinematics Extraction
Both algorithms benefited somewhat from artifact blanking, more so for monkey M. For monkey M, maximum accuracy was achieved with 5 ms of artifact blanking for both the Weiner filter and the unscented Kalman filter. For monkey N, maximum accuracy was achieved with 2 ms of artifact blanking for both decoders. These values reflect the difference in artifact duration and amplitude in two monkeys. The artifacts were more prominent and of longer duration in monkey M because of the close proximity of the stimulation site (hand representation of S1) to the area where neuronal activity was collected (arm representation of M1 and S1). The artifacts were smaller and of shorter duration for monkey N, which received stimulation in the leg representation area of S1 with recordings performed in the arm representation area.
Curiously, the performance of the unscented Kalman filter was slightly better for the no blanking condition than for 0 ms of blanking. This was because the recording channels that detected ICMS artifacts occasionally recorded additional mechanical artifacts related to monkey head movements. Apparently, the filter could utilize these mechanical artifacts that influenced the spike recording channels (blanked them or introduced erroneous spikes) to improve predictions, and its performance was very slightly reduced when these artifacts were removed. This underscores the importance of registering the artifacts and removing them to minimize their influence on the filter performance.
To quantify the decrease in predictions caused by the presence of ICMS artifacts, we recorded from both monkeys as they performed a center-out task without any ICMS. For this task, they had to move the avatar from the center of the screen to a single peripheral object and hold for 2 s. For monkey M, accuracy in this task was 23% higher than during the ICMS sessions with the unscented Kalman filter and 32% higher with the Wiener filter. For monkey N, these values were 2.7% and 27%, respectively. Thus, the artifacts worsened the predictions, even after optimal blanking, but still within a tolerable range.
IV. DISCUSSION
This study continued our work on the development of an artificial somatosensory channel for BMIs [9] , [10] , [21] . Monkeys scanned virtual objects with an avatar hand and discriminated their artificial textures as represented by temporal patterns of ICMS. This paradigm models the requirements of a clinically relevant neuroprosthetic arm sensorized with an artificial tactile channel. Such a neuroprosthetic arm could be used to touch external objects and estimate their tactile properties (roughness/ smoothness, hardness/softness, wetness/dryness, temperature) using sensors on the prosthetic hand. The transmission of this information to the nervous system is a difficult problem because of the artificial nature of the stimulation methods. We explored the capability of temporally patterned ICMS as a way to deliver somatosensory feedback to the brain by parametrically varying the degree of randomness of ICMS trains. Monkeys learned to distinguish regular ICMS patterns from irregular ones, a result which suggests that they were able to discriminate the fine temporal structure of ICMS trains. Irregular bursts of sensory discharges are expected to occur in practical neuroprostheses, when the prosthesis interacts with realistically textured objects.
A neuroprosthetic hand used to scan a ridged surface, for example, would generate an ICMS burst each time a ridge interacts with the prosthetic sensor. In this setting, the degree of periodicity of ICMS pulse trains could inform the prosthesis user about the regularities or irregularities of an object's material or shape.
Our results complement previous work on ICMS frequency discrimination conducted by Romo et al. who trained their monkeys to discriminate periodic ICMS pulse trains [22] - [24] and to discriminate the mean rate of aperiodic pulse trains [22] , [42] . Our study expanded the range of temporal patterns that could be represented by ICMS of S1 by changing the regularity of the secondary frequency. Moreover, ICMS in our experiments served as somatosensory feedback during virtual active touch, rather than merely a cue in a forced choice task as in the majority of previous studies. The animals actively explored virtual objects with an avatar hand, spending similar times over these objects as would be needed for normal interaction with the environment. Additionally, chronically implanted electrodes were used for ICMS delivery, which allowed us to monitor longterm learning to utilize ICMS as sensory feedback. In previous studies, stimulating electrodes were often inserted in the brain anew during each daily session. Long-term usage of ICMS in the present experiments (as well as in previous experiments with the same monkeys) did not result in deterioration of performance, which indicates that the charge-balanced ICMS used here did not damage the electrodes or brain tissue, or that any such damage was below a threshold where it would begin to impact task performance.
Our results show that monkeys detect distortions in the 10 Hz ICMS secondary frequency after random variations of that frequency exceeded 25%, that is, instantaneous frequency fluctuated from 7.5 to 12.5 Hz. This estimate of the detection threshold can be used in future neuroprosthetic designs as a characteristic sensitivity value. Future studies should probe the sensitivity of discrimination to different primary and secondary frequencies. Additionally, spatiotemporal ICMS [21] and ICMS of different durations should be explored as ways to encode information in BMBI sensory channels.
The interaction of a neuroprosthesis with realistically textured objects in the natural world will inevitably result in a stream of temporally patterned sensory information. Either the user or the neuroprosthesis (or some combination thereof) will therefore need to deal with these signals. Texture analysis could be delegated, in part, to a shared control algorithm [43] . In this mode of operation, a sensation processor would analyze raw signals from sensors on the prosthesis and interpret them in the context of how the neuroprosthetic device "skin" moved against the surface of textured objects. Simplified ICMS patterns-representing different classes of textures-could then be sent to the brain. Alternatively, ICMS could directly encode a signal representing both the spatiotemporal movements of the prosthetic limb and the intrinsic microstructure of the material being touched. In this case, the temporal patterns of ICMS would have to be interpreted by the user in the context of the particular exploration pattern used [44] . The choice of the encoding scheme will likely be dictated by the requirements of the specific neuroprosthetic application.
It would be of interest for future studies to explore the optimal temporal properties of ICMS modulations at different S1 sites. Romo et al. reported best results when they applied ICMS to rapidly adapting neurons in area 3b [22] . We stimulated in area 1, where the distinction between rapidly adapting and slowly adapting categories of neurons is less clear. Additionally, we used multi-session training periods with chronically implanted electrodes, in contrast to Romo et al., who used independent stimulation sessions with acute electrodes. It is possible that that our longer training interval facilitated the discrimination capacity of the monkeys. The distinction between different S1 locations and the role of learning will need to be studied in more detail in future studies.
BMBIs equipped with afferent ICMS feedback loops need to compensate for electrical artifacts produced by ICMS pulses that may interfere with neuronal recordings. In our previous BMBI designs, we either discounted the entire period of ICMS application [9] or used interleaved recording and ICMS delivery intervals [10] . These previous approaches limited the flexibility of ICMS delivery. In this study, we did not impose limitations on the timing of ICMS delivery and treated ICMS artifacts as they occurred. We found that blanking the periods after ICMS delivery by short intervals (2-5 ms) improved the accuracy of extraction of limb kinematics from neuronal activity. Overall accuracy of predictions was 20%-30% less as compared to sessions in which ICMS was not used. Nonetheless, the predictions were still acceptable and within range of previously reported accuracy of BMI decoding. This result suggests that artifact blanking is practical for bidirectional neuroprostheses using irregular ICMS pulse trains.
The precise character of perceptions evoked by periodic versus aperiodic patterns of ICMS will have be evaluated in human subjects [45] . There is a suggestion by Fridman et al. that ICMS amplitude, pulse-width, and frequency all interact to contribute to a unitary perception of "perceived intensity" [46] . Therefore, one might argue that our monkeys discriminated the periodic and aperiodic pulse trains on the basis of their instantaneous peak intensities rather than their temporal patterns. However, this simple explanation is unlikely because the peak instantaneous frequency of ICMS was 200 Hz for both the periodic as well as the aperiodic artificial textures. Therefore, our results indicate that the monkeys must have been using a strategy beyond simply detecting the maximum instantaneous frequency. One possible neural implementation could employ a leaky integrator mechanism that detected variability of the ICMS secondary frequency by integrating neural responses to ICMS within an optimal time window, thus detecting transient increases in ICMS frequency. This and other alternative mechanisms will need to be elucidated with future studies.
Our current and previous [9] , [10] , [21] results suggest that new perceptions may evolve as subjects practice with ICMS. We observed that it took monkeys 1-2 weeks to start to understand ICMS, even if they were previously overtrained with a vibrotactile variant in the same task. However, once they learned the first ICMS task, learning subsequent tasks took much less time. A virtual active touch setting where subjects evoke ICMS and associated sensations through their own actions [47] - [49] may contribute to shaping the artificial perception and lead to the development of anticipatory cortical modulations similar to corollary discharge [50] .
The problem of artifacts will be compounded as multiple stimulation channels are employed with asynchronously delivered pulses. Excessive masking of the recordings by ICMS artifacts should be avoided in the design of such systems. In the future, the problem of artifacts [51] , as well as the unreliable spatial extent of ICMS [52] could be mitigated by optogenetic stimulation [53] - [55] . 
